prepared dried soil samples with the addition of KI up to the concentration of 100 I mg/kg. For this purpose, surface soil was taken from a paddy field in the National Institute for AgroEnvironmental Sciences (NIAES) in Tsukuba, Japan, the details of which were reported in previous studies. 13, 14 The original iodine concentration in the soil was 2.36 mg/kg, negligible compared with the amount of iodine added to the soil.
As natural samples to test the applicability of XANES method, sandy soil samples containing mainly quartz and feldspars determined by X-ray diffraction were collected at depths of 0, 3, 6, 9, and 12 cm from surface in Yoro area, Chiba, Japan. 15, 16 The soil profile was flooded with brine water from a tube well containing iodine (iodine concentration: 5.27 mg/kg). The concentrations of iodine in the soil samples at various depths were determined by a method reported in Yamada et al. as follows. 17 Each soil sample was dried at 50˚C, and the mixture of 0.1 g of soil and 5% tetramethylammonium hydroxide (TMAH) was heated at 70˚C in an oven for 3 h. After filtration by 0.45 μm membrane filter (Advantec), iodine concentration in the supernatant was determined by ICP-MS (Thermo Fisher Sci., PQ-3) using Re as an internal standard. Organic carbon content in each soil sample was determined following a method in Froelich using a CHN analyzer (Perkin Elmer 2400 II). 18 The major element compositions of the soil samples were determined by X-ray fluorescence spectrometry (XRF; Rigaku ZSX-101e) as described in Kanazawa et al. 19 A soil sample at the depth of 3 cm (iodine concentration: 55.6 mg/kg) was mainly used for the XANES analysis in this study.
XANES
Iodine K-edge XANES was measured at beamline BL01B1 using a bending magnet at SPring-8 (Hyogo, Japan). An Si(311) double-crystal monochromator with two mirrors was used to obtain the incident X-rays (beam size: 0.2 × 4 mm 2 ).
Iodine LIII-edge XANES was measured at beamline BL-9A at Photon Factory, Tsukuba, Japan. A Si(111) double-crystal monochromator was used, and the beam was focused using a pair of bent conical mirrors coated with Rh (beam size: 0.5 × 1 mm 2 ). The contribution of higher harmonics was cut by another pair of mirrors. The sample was placed in a chamber filled with He to reduce the absorption by air.
At both beamlines, XANES spectra were measured in fluorescence mode using a 19-element Ge semiconductor detector, except for reference materials at K-edge that were measured in transmission mode. In the fluorescence mode, the electrical signal of iodine Lα or Kα X-rays output from the Ge detector was selected by a single channel analyzer (SCA) at Kor LIII-edges, respectively. X-ray fluorescence (XRF) spectra were gained by the Ge detector coupled with multichannel analyzer (MCA). The data analysis, including background subtraction, normalization, and linear combination fitting of XANES spectra, were performed with REX2000 Ver. 2.5 software (Rigaku).
Results and Discussion

XANES spectra
Iodine K-edge and LIII-edge XANES are shown for reference materials (Fig. 1) . The contribution of background was subtracted from the original spectra by extrapolation of linear absorption or curve defined by Victoreen equation from the preedge region for the spectra obtained in fluorescence or transmission mode, respectively. The background-subtracted spectra were normalized by defining the absorption at 4.600 and 33.300 keV as unity for LIII-and K-edges, respectively. The characteristics found in the spectra were different among KI, I -solution, KIO3, IO3 -solution, I2, and CH3I, suggesting that the identification of iodine species in soil is possible based on the simulation of XANES spectra. At K-edge, we could also record XANES spectrum of I in humic substances (SRHA). When comparing the two edges, the spectra at K-edge are relatively featureless, especially for KI, I2, CH3I, and SRHA, implying that it may not be very easy to distinguish these species from XANES spectra at K-edge. This featureless K-edge XANES is caused by the effect of the core-hole lifetime broadening, the effect of which increases with the increase in the atomic number for the K-edge XANES. 20 The phenomena have been reported in various studies for the high energy XAFS. 21, 22 From this viewpoint, LIII-edge XANES can be more useful for the speciation of I in samples. However, it is clear that we can distinguish iodate from iodide and I2 from K-edge XANES due to their distinctive differences.
It is well known that various iodine species are subject to photoredox reactions. 23, 24 Thus, the stability of iodine species during XANES measurement is crucial for the accurate speciation of iodine in soil. In order to confirm the stability of iodide and iodate species during the measurement, XANES spectra of KI and KIO3 reference materials (iodine concentration: 0.5 wt%) were repeatedly measured at various elapsed times for 12 -14 min after exposure to incident X-rays (Fig. 2) . It was found that the absorption for iodide at various elapsed times were not constant at LIII-edge, can be as seen from the absorption at 4.549, 4.551 and 4.558 keV, suggesting the influence of formation of other iodine species during measurement of XANES. The spectrum of KI measured at 14 min after exposure to X-ray beam was fitted by the linear combination of XANES spectra of two components, solid KI and I2, both at 3 min. The energy range employed for the fitting was from 4.545 to 4.572 keV. The spectrum was well simulated by the sum of the 86% of KI and 14% of I2 spectra (Fig. 3) , suggesting the formation of a small amount of I2 during the XANES measurement. The photooxidation of iodide to I2 and subsequent re-reduction of I2 to iodide have been extensively studied; 23, 24 this reaction may also be induced by the incident Xray beam used for the XANES analysis. In addition, a change of the color from white to brown was observed at the position exposed to the incident X-ray beam on the BN pellet sample, which is presumably due to the formation of I2 during the exposure to X-ray beam when beam size and photon flux were 0.5 × 1 mm 2 and 10 11 photons/s, respectively. However, such photoredox phenomena were not observed during the measurements of XANES spectra of KIO3 at LIII-edge. Thus, we must be careful of the changes of chemical state for iodine species, especially for iodide, when measuring XANES spectra of iodine in natural samples. XANES scan for a short period and its repetitive measurements at different spots on the sample in each scan may be needed to minimize the photoredox effect caused by incident X-rays. 25 The photoredox effect was not observed for both KI and KIO3 at I K-edge XANES under our experimental condition at BL01B1 of SPring-8 (beamsize, 0.2 × 4 mm 2 ; photon flux, 10 10 photons/s). Due to the difference in the photon density, we can not compare the results at K-edge and LIII-edge directly, but considerable care must be given for the I XANES measurements, especially for iodide.
Application of XANES to soil samples
Generally speaking, measurement of XANES for elements at the 10 mg/kg level is not easy, in particular for the species in natural samples having various interferences on the fluorescence X-rays of a target element from other elements in the samples. The average iodine concentration in Japanese soil is 43 mg/kg. 26 Considering the relatively low concentration of iodine in soil, we conclude that the most important factor for the application of XANES to the speciation of iodine in soil is its detection limit. Thus, it is necessary to discern a more sensitive method for the iodine in natural samples, either using LIII-or Kedge XANES. For this purpose, a soil sample containing iodine at 100 mg/kg was measured at each edge (Fig. 4) . The measurement time was 65 min for LIII-edge, while 7 min for Kedge. Here, we have employed fluorescence mode using a 19-element Ge semiconductor detector, which is a sensitive method to detect trace elements at both edges. The detector has an upper count limit on the order of 10 5 cps/element. The count rate in our analyses almost reached this limit at both edges, showing that the photon flux of the incident X-ray did not decide the detection limit for the measurement of the XANES spectra in these measurements. A more important issue is the contribution of background X-rays present within the SCA window tuned for iodine Lα or Kα1 X-rays. At LIII-edge measuring iodine Lα emission (= 3.93 keV), the proximity of its energy to those of Ca Kα (Kα1, 3.692 keV; Kα2, 3.688 keV) and Kβ1 (= 4.013 keV) causes a large contribution of background Xrays in the XANES spectrum, since Ca is a major element in the soil sample at a level of 1.19 wt%, 13 which is evident from the XRF spectra (Fig. 5) . The dotted line of Fig. 5a is XRF spectrum of the sample of 5% KI powder diluted by BN when 407 ANALYTICAL SCIENCES MARCH 2008, VOL. 24 Fig. 3 Iodine LIII-edge XANES spectrum of KI measured at 14 min after exposure to X-ray beam simulated by the linear combination of XANES spectra of two components, solid KI and I2 measured within 3 min after the exposure. Circles show the measured spectrum, while the bold curve is the simulated spectrum. Contributions of KI and I2 are also indicated. excited at 4.60 keV, while the solid line is the sample of 100 I mg/kg of KI in soil. At the energy of I Lα emission, no peaks are recognized in the spectrum of KI in the soil sample due to the overlapping of Ca Kα and Kβ1 to I Lα. In this case, the intensity ratio (S/B) of signal (S) to background (B) was ca. 0.011 (Fig. 4) as judged from the absorptions at pre-edge and post-edge region in the I LIII-edge XANES. The intensity ratio of Ca Kα and Kβ1 to I Lα for the sample irradiated at 4.6 keV can be calculated. If we ignore (i) the secondary irradiation by fluorescence X-rays of various elements in the sample, (ii) the differences of detection efficiencies of Ge detector between the energies of Ca (Kα + Kβ1) and I Lα, and (iii) the differences of absorption effects of Ca (Kα + Kβ1) and I Lα within the sample, intensities of fluorescence X-rays of Ca (Kα + Kβ1) and I Lα are approximately proportional to their mass absorption coefficients, fluorescence yields, and concentrations of I and Ca in the sample. Fluorescence yields of Ca K and I Lα are 0.163 and 0.079, respectively. 27 Mass absorption coefficients of Ca and I at 4.6 keV are 790.1 and 791.9 cm 2 /g, respectively. 28,29 Concentrations of Ca and I were 1.19 wt% and 100 mg/kg, respectively. Considering that (i) about a half of the fluorescence X-ray of Ca Kα was cut by SCA window optimized to collect I Lα and that (ii) the intensity ratio of (Ca Kβ)/(Ca Kα) is 0.128, 30 we can calculate the S/B ratio in the SCA window to be about 0.007. The calculated S/B ratio is consistent with the observed value of 0.011, showing that the interference from Ca Kα and Kβ inhibits obtaining high-quality XANES spectrum at LIII-edge of iodine in natural soil samples. At K-edge measuring I Kα emission, on the other hand, the S/B ratio for the same sample was 1.3, much better than that at LIII-edge, showing that K-edge measurement is not seriously affected by such interferences (Fig. 5b) . Since the measurement time for the sample was only 7 min, a longer measurement time will give a much better spectrum at K-edge.
Application to natural soil samples
XANES spectra were also recorded for iodine naturally contained in a soil sample from Yoro area (depth from surface, 3 cm; total iodine concentration, 55.6 mg/kg). The spectrum collected at LIII-edge did not show any absorption at the energy corresponding to the edge. On the other hand, the XANES spectrum for the sample was successfully measured at K-edge, confirming that K-edge XANES has much lower detection limit than LIII-edge XANES for iodine speciation in soil. The measurement time for the sample was 42 min at K-edge XANES. Since all the spectra of the soil samples at different depths are similar, the spectrum of the sample at a depth of 3 cm, which has the highest iodine concentration, is shown in Fig. 6 . Curve fitting of XANES spectrum for the sample from Yoro area by the reference materials showed that iodine in the sample is in the form of organo-iodine species. In particular, the spectrum of iodine in SRHA was identical to that of the Yoro sample (Fig. 6) . Although the spectrum is also similar to that of KI, it is clear that the spectra of the sample and KI are different at the energies of 33.170 and 33.190 keV. Therefore, we suggest that the main iodine species in the soil is iodine in humic substances based on the XANES spectra. It is known that humic substances are the main organic matter in soil that can incorporate iodine in the macromolecules. 12 In order to confirm the results, we also examined vertical profiles of iodine and organic carbon content in the soil profile to see the correlation between the contents of organic carbon and iodine (Fig. 7) . Iodine content is found to be very correlated with organic carbon content, suggesting that iodine in organic carbon such as humic substances is the main iodine species in the soil samples from Yoro area. It has been reported 408 ANALYTICAL SCIENCES MARCH 2008, VOL. 24 that Fe oxide is the main host phase of inorganic iodine species in soil. 31 However, no correlation between iodine and Fe contents was found in the soil profile, suggesting that iodine is not present as inorganic iodine in the samples. These results confirm that the XANES data suggesting that organo-iodine especially bound to humic substances is the major iodine species in the soil sample were valid. Although the differences of I K-edge XANES spectra between KI and I in humic substances are not very large, the results showed that these two species can be distinguished using I K-edge XANES.
In this study, iodine K-edge and LIII-edge XANES were compared for the purpose of speciation of iodine in natural soil samples. Although the structures found in LIII-edge XANES for various iodine species such as iodide, iodate, I2, and organoiodine are more characteristic than those in K-edge XANES, the proximity of Ca K to I Lα inhibits sensitive measurement of I LIII-edge XANES for natural soil samples. Thus, we conclude here that K-edge XANES is more appropriate for the speciation of iodine in natural soil samples than I LIII-edge XANES. The speciation analysis of iodine in soil from Yoro area showed that the K-edge XANES can be used to distinguish inorganic iodine and organo-iodine species. Moreover, if iodine in the sample is in inorganic forms, it is possible to distinguish iodate species from iodide in natural soil samples, since iodate has a XANES spectrum different from those of iodide and I2.
